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Abstract. Full cross section samples from water reactor fuel pins 
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released. The gas volume is measured, and the gas is analysed 
by mass spectrometry. 
The generated amount of gas in the samples analysed is calcu-
lated from measured burn-up, from measured Xe and Kr isotope 
ratios and from fission yields of stable Xe and Kr isotopes with 
low neutron capture cross sections. From the fission gas gener-
ated and measured amount of gas retained, the gas retention and 
release percentage can be found. 
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1. INTRODUCTION 
To determine the degree of gas retention for a given irradiated 
reactor fuel sample, two quantities are needed: 1) the actual 
gas content of the sample which can be measured and 2) the quan-
tity of gas contained in the fuel in case no release had occurred. 
The last quantity is in the present text called the Fission Gas 
Generation (FGG), and it can of course only be measured in case 
of no release, hence generally it must be calculated. 
Different problems are involved in the procurement of these two 
quantities. 
Regarding the first mentioned, most known techniques for determi-
nation of retained gas is based on dissolution of the fuel by 
nitric acid (Ref. 1-3) or by molten KHSO. (Ref. 4). These methods 
involves complicating steps of purification and/or separation 
after fuel dissolution before the amount of retained gas can be 
measured. 
The second quantity, FGG, is usually calculated from burn-up and 
fission yields. The problem here is that the literature gives a 
very varying information of Xe and Kr fission yields. According 
to Ref. 5 the fission yield of Xe + Kr is 30X, and Ref. 6 gives 
a theoretical maximum of 31X for Xe + Kr. Ref. 7 reports for fuel 
irradiated by thermal neutrons two sets of yields, 21.6X and 26.IX 
for Xe and 3.5X and 3.7X for Kr in case of low (10 W/g U02) and 
high (100 W/g UOj rated fuel respectively. Ref. 8 gives a Xe 
yield of 22.3X without stating the Kr yield. 
The present paper describes a new simple technique for measuring 
the retained fission gas and an accurate method for calculating 
the fission gas generated. This FGG calculation is based on post 
irradiation measurements performed on the relevant fuel. 
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2. EXPERIMENTAL TECHNIQUE 
The oxidation of the 00- in the molten salts was carried out in 
a cylindrical stainless steel (AISI 316) container. This con-
tainer was placed inside a VACUUM unit (also stade of stainless 
steel) in a vertical tube furnace, Adamel TS. as sketched in 
Fig. 1. 
An extra insulation of 100 mm Mineral wool was put onto the fur-
nace, so that the surface temperature was kept below 50°C, and 
a removable temperature screening '"as placed over the furnace 
in order to protect the master sic- *s manipulators. 
Chemicals, NaNO., NaOH and Na.O., used were analytical grade 
products from Merck. Oxidation experiments were performed on 
unirradiated and irradiated UO-- The unirradiated 0O_ was in the 
form of sintered pellets 12.5 mm diameter and weighed about 16 g. 
The pellets were put into zircaloy cladding in order to obtain 
the same reaction condition as for the irradiated samples. 
As part of the RISØ Fission Gas Project (Ref. 12) irradiated 
samples with burn-up from 2.4% to 4.51 were oxidized with the 
intention of determining the gas retention. The specimens were 
from a Danish fuel assembly irradiated in the OECD Halden Reactor. 
The burn-up was measured by Csl37 gamma counting, which was cali-
brated by isotopic analysis of Ndl46. Burn-up distribution on 
U235, Pu239 and Pu241 was also established by isotopic analysis 
(Ref. 13). 
The fuel samples were weighed including cladding. The cladding 
dimensions were known with an accuracy which allowed a calcu-
lation of the cladding weight within + 0.1 g. The weight of the 
fuel was between 15 and 20 g giving a relative accuracy of appro-
ximately 0.5% and always better than It, the weighing uncertainty 
of + 10 mg being negligible. 
The furnace temperature was in all cases 500°C, and the oxidation 
time was 10 h in case nothing else is stated. The gas was extracted 
by means of a Hg~diffusion pump and a Toepler pump, and the gas 
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volume Measured. The chemical as well as the isotope composition 
of the gas was analysed by a Varian CHSO mass spectrometer equipped 
with a gas inlet system. 
In two cases "the molten salt" cylinder was sectioned after soli-
dification cf the molten salt. A small amount of porosity was 
observed. It was estimated, however, that less than 2% of the 
fission fas was retained in the salt. Thus the gas collecting 
efficiency is believed to be better than fSt. 
OXIDATION REACTIONS III MOLTEN SALT MIXTURES 
According to Ref. 9 irradiated 002 (and Pu02) is oxidized in mol-
ten NaNO.,: 
2IK>2 + 4HaM03 - Na2U207 • 2HalK>2 • 2lK>2 • *0j (1) 
This oxidation was reported to occur within 30 Min. at 400°C. 
During the conversion of 0O_ to Na.U.O.. the fission gases were 
set free quantitatively. Furthermore, it was reported that nitrous 
vapors could be avoided by addition of an alkaline component to 
the melt: 
2U02 • 2NalK>3 • Na20 * Na2U207 «• 2tl*lK>7 (2) 
It was observed that the oxidation rate was virtually zero if 
the molten nitrate contained St nitrite. In order to avoid a very 
large ratio of salt to IX>2 some Na-Oj was added so that the for-
mation of NaN02 according to eq(2) was minimised. NaOH was added 
to avoid nitrous vapors, HO and IPX. If th* stoichiometric amount 
of Na202 is added, the overall reaction was assumed to be: 
2fX>2 + 2Na202 - K*2U207 * "*2° (3; 
Fro« this it was thought that the addition of KaOH Might not be 
necessary, but so it was. 
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It was found that a mixture of 
55 g NaN03 
6 g NaOH 
4.5 g Na202 
gave a quantitative conversion of 15 g U0_ in 4 h. The evolution 
of reactive nitrous fumes was avoided but N_ and N2° were formed. 
It was also tried to use a melt consisting of 30 g NaOH and 
20 g Na.O , but only 3 g out of 15 g UO. was oxidized after 10 h. 
Consequently, the above mentioned composition of NaN0~, NaOH and 
Na.O, was fixed. Table 1 gives the amount of the gases «rhich were 
set free by oxidation of unirradiated as well as irradiated U02* 
It appears that the irradiated samples give about twice the 
amount of N_ and 0. and about 2o times the amount of N20 than the 
unirradiated samples. 
CAI.CULATI0N OF FISSION GAS GENERATION 
4.1 Principle 
Table 2 gives the cumulative fission yield of Kr and Xe isotopes 
originating from thermal neutron induced fission of U235, Pu239 
and Pu241 together with the half lives of the unstable ones and 
the thermal neutron capture cross sections, as well as thp reso-
nance capture cross sections (Ref. 10 and 11). 
If neither decay, nor neutron capture occurred, the calculation 
of the generated amount of a fission gas isotope i, FGC(i) (in 
cm (0 C, 1 ata)/g fuel) was easily done by means of 
FGG(i) - 8.30 • 10_3(Y(i,U235) F(0235) + 
Y(i,Pu239) F(Pu239) + Y(i,Pu241) F(Pu241) (4) 
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y(i,U235)>y(i,Pu239) and Y(i,Pu241) is the fission yield of the 
isotope, i, in % of U235 Pu239 and Pu241 fissions respectively, 
and F (U235). F(Pu239) and F(Pu241) are the fission contribu-
tions from U235, Pu239 and Pu241 in tFIMA (% fission of initial 
metal atoms). 
4.2 Kr Features 
From table 2 it appears that Kr83 has a high neutron capture 
cross section, so it is expected that part of the generated Kr83 
is reacting to Kr84. This isotope, however, has a quite small 
cross section. Consequently, the sum of Kr83 and Kr84 can be 
found, although the generated Kr83 and Kr84 cannot be calculated 
separately. 
Because of decay the amount of Kr85 cannot be found directly. 
The Kr85 neutron capture cross section is fairly low implying 
that no significant amount of Kr85 reacts to give Kr86. The stable 
Kr86 has a very low cross section. Hence, the Kr86 generation is 
given directly by (4). If then the Kr85/Kr86 ratio is measured 
the amount of Kr85 can be found too. 
4.3 Xe Features 
Xel31 has a high neutron capture cross section, and Xel32 has a 
a very low one, so the sum of Xel31 + Xel32 can be calculated. 
The relatively short half life of Xel33 is the reason why it usu-
ally is not observed in fission gas. Consequently, the only 
question regarding Xel33 is whether the formation of Xel34 from 
Xel33 capturing neutrons can be neglected. Due to its short half 
life the concentration of Xel33 will always be quite low. Hence, 
it is assumed that the formation of Xel34 from Xel33 is insigni-
ficant and so the calculation of the Xel34 is simple. 
Besides a short half life, Xel35 has an extremely high neutron 
capture cross section. The degree of Xel35 to Xel36 conversion 
must be very dependent of the neutron flux level and the way of 
- 10 -
operating the reactor, i.e. whether it was on steady power for 
few long periods or had a large number of sort tim* shut 
Anyway the quantity of Xel35 converted to Xel36 cannot be calcu-
lated in a simple Manner, unless the fission gas Xe isotope com-
position is known. If so, the Xel36 generation can be calculated 
fro« the Measured ratio of (Xel31 + Xel32)/Xel3«. 
4.4 Average Fission Yields 
Instead of calculating the fission gas generation fro« (4) and 
the neasured isotope ratios in each single case, the average 
fission yield, Y(i), for isotope i, can be criculated for a 
selected number of burn-up levels: 
Y(i) - Y(l»U235)'F(U235)»Y(i,Pu239HP(Pu239)^Y(i.Pu241)-F(Pu241)
 (5) 
using the sane notation as in (4) and BU is the total burn-up. 
From (5) the fission yields for all Kr and Xe isotope (or pairs of 
isotopes) can be calculated except of Kr85 and Xel36 which can be 
calculated according to: 
Y(Kr85) = £§|! • Y(Kr86) (6) 
and 
Y(Xel36) -
 Xei|^xel32 *"(Xel31+Xel32) (7) 
The total average fission gas yield Y can now be found by summa-
tion of the individual isotope average yields: 
Y - EY(i) (8) 
From the average fission gas yield Y the gas generated, FG6 (in 
cm (0°C, 1 ata)/g fuel) can be calculated: 
FGG - 8.30 ' 10"3 • Y • BU (9) 
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s. EXAWfLK or »sus 
Som* of the raralts obUlarf in th* RISØ Pissioa Gas Project by 
means of th* method described above ar* presented ia this section. 
Tabic 3 fives tn* born-«* distribution on 029S, P«23t an« 1*241 
for 7 burn-up locals found fro* th* isotonic analysis. Partner, 
th* fission fas yields calcvlatai as outlined above arc ficon in 
Tabic 3. 
Th* ration KrtS/krM, which is needed in eonation (t) was found 
to b* 0.09* • 0.002 iniif ••••t of burn-up. The ratio, X*1347 
(Xel31 • X*132), naidad ia conation (71 is plottes as a function 
of burn-up in Fif. 2. Th* correlation tarns eat to be l«m*ar with* 
in the uncertentics of the measurements. 
Pif. 3 fives the calculated' fas feneration profile en« the Measured 
axial «as retention profile for a pin tested in the RISP Pission 
Gas Project. The calculated fas feneration) for th* pin was M l cm 
and the neasuxed feneration was S32 on fi.e. the area beneath the 
measured curve in Pif. 3 plas the release neasured by pencturinf) 
fivinf a relative differene* of ft. 
• - ACCURACY 
The overall accuracy of the ueasuraaent of the amount of retained 
fas is estimated to St (1«), and the accuracy of the calculation 
of fission fas fenerated is estimated to 3% (la). 
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7. CONCLUSION 
A new simple technique for measuring retained gas in irradiated 
fuel has been developed. The method is based on oxidation of the 
fuel in molten alkaline NaNO^. 
A new method for calculation of fission gas generation has been 
established. The method uses the measured burn-up distribution 
and the measured fission gas isotopic ratios for the relevant 
fuel samples. 
Taking 18 samples from one fuel pin the calculated and measured 
amount of gas for the pin as a whole agreed within 6%-
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Table 1. The amount of gases evolved per g 00, by oxidation of 15-20 g U0 
in a molten mixture of 55 g NaNO., 6 g and 4.5 g Na,0,. 
Unirradiated 
uo2 
5 samples 
Irradiated 
uo2 
28 samples 
N2 
1.03-1.73 
Average 
1.27 
2.08-3.11 
Average 
2.60 
cm gas (0°C, 1 
N20 
0.00-0.08 
Average 
0.03 
0.12-1.23 
Average 
0.55 
atm) per g UO, 
°2 
0.00-2.12 
Average 
0.62 
0.00-5.21 
Average 
1.71 
Kr+xe 
-
0.50-0.91 
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Table 2. Cumulative fission yield, half life (Ref. 10) and 
neutron capture cross section (Ref. 11) for the Kr and Xe 
isotopes relevant to fission gas formed in thermal reactor fuel. 
Isotope 
Kr 83 
Kr 84 
Kr 85 
Kr 86 
Xe 131 
Xe 132 
Xe 133 
Xe 134 
Xe 135 
Xe 136 
Fission yield (in 
of thermal neutron 
x) in case 
induced 
fission of 
U235 
0.5307 
0.9861 
0.2883 
1.9511 
2.8352 
4.2173 
6.7705 
7.6807 
6.6334 
6.2730 
Pu 239 
0.2948 
0.4781 
0.1302 
0.7576 
3.7450 
5.2746 
6.9729 
7.4475 
7.4665 
6.6267 
Pu241 
0.2038 
0.3523 
0.0863 
0.6098 
3.1178 
4.6251 
6.6729 
8.0313 
7.0838 
7.2009 
Half 
life 
Stable 
Stable 
10.73 i 
Stable 
Stable 
Stable 
5.29 d 
Stable 
9.17 h 
Stable 
Neutron capture 
cross sections 
Thermal 
b 
200 
0.13 
1.66 
0.06 
90 
0.36 
190 
0.25 
2.65-106 
0.16 
Resonance 
b 
230 
2.7 
1.8 
0.03 
870 
0.8 
0.3 
7.6-103 
Table 3. Calculated average fission yields for the Kr and xe isotopes (or pairs of isotopes) observed 
in retain^* gas, the total Kr, the total Xe and the sum Kr+Xe fission yields at 7 different burnup 
levels for IFA 148 fuel. 
Burnup 
% FIMA 
2 . 0 0 
2 . 5 0 
3 . 0 0 
3 . 5 0 
4 . 0 0 
4 . 5 0 
4 . 7 0 
Burnup c o n t r i b u t i o n 
(X FIMA) from 
1" "' 
U235 
1 . 8 0 
2 . 2 0 
2 . 6 1 
2 , 9 9 
3 . 3 2 
3 . 6 0 
3 . 7 1 
PU239 
0 . 1 8 
0 . 2 8 
0 , 3 7 
0 , 4 8 
0 . 6 3 
0 . 8 2 
0 . 9 0 
PU241 
0 . 0 2 
0 . 0 2 
0 . 0 2 
0 . 0 3 
0 . 0 5 
0 . 0 8 
0 . 0 9 
A v e r a g e f i s s i o n / I e l d s i n X o f t o t a l f i s s i o n e d a toms 
Kr 
83+84 
1 . 4 4 0 
1 . 4 2 6 
1 . 4 1 9 
1 . 4 0 7 
1 . 3 8 8 
1 . 3 6 4 
1 . 3 5 6 
Kr 
86 
1 . 8 3 0 
1 . 8 0 7 
1 . 7 9 5 
1 . 7 7 6 
1 . 7 4 6 
1 . 7 1 0 
1 . 6 9 7 
Kr 1 J 
85 
0 . 1 7 6 
0 . 1 7 3 
0 . 1 7 2 
0 . 1 7 0 
0 . 1 6 8 
0 . 1 6 4 
0 . 1 6 3 
T o t a l 
Kr 
3 . 4 5 
3 . 4 1 
3 . 3 9 
3 . 3 5 
3 . 3 0 
3 . 2 4 
3 . 2 2 
Xe 
131+132 
7 . 2 3 6 
7 . 2 7 8 
7 . 3 0 0 
7 . 3 2 8 
7 . 3 7 1 
7 . 4 2 3 
7 . 4 4 2 
Xe 
134 
7 . 6 6 3 
7 . 6 5 7 
7 . 6 5 4 
7 . 6 5 2 
7 . 6 4 8 
7 . 6 4 4 
7 . 6 4 2 
Xe2> 
136 
8 . 9 3 7 
9 . 2 5 0 
9 . 5 7 0 
9 . 9 0 0 
10 .297 
10 .711 
10 .895 
T o t a l 
Xe 
2 3 . 8 
2 4 . 2 
2 4 . 5 
2 4 . 9 
2 5 . 3 
2 5 . 8 
2 6 . 0 
T o t a l 
Xe+Kr 
2 7 . 3 
2 7 . 6 
2 7 . 9 
2 8 . 2 
2 8 . 6 
2 9 . 0 
2 9 . 2 
Measured 
Xe 136 
X e l 3 1 + 
Xe 132 
1 . 2 3 
1 . 2 7 
1 . 3 1 
1 . 3 5 
1 . 4 0 
1 . 4 4 
1 . 4 6 
1) Y (Kr85) = 0.096 Y (Kr86). valid on the date of reactor discharge. 26th of August 1979. 
2) Y (Xel36)=
 X e l 3i^xel32 * <Xel31+Xel32). The ratio xei3iixel32 g i V G n i n t h e l a S t c o l u m n 
was taken from the experimental results shown in Fig.2. 
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Vocuum—. 
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Blank flange 
with copper packing 
Valve fe 
To sampling 
equipment 
-Moltensalt container 
Holten salt surface 
•Furnace tube 
•U02 - sample 
Stainless steel spacer 
10 mm 
Fig. 1. Sketch of equipment used for oxidizing 
fuel samples in molten nitrates. 
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1.45 -
1.40 -
1.35 — 
1.30 -
1.25 -
%FIMA 
Fig. 2. The ratio of Xe136/(Xe131+Xe132) as a function of burn-
up. Signatures refer to different pins in the assembly. 
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generation 
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Xe + Kr retention 
. / 
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• i . i . i • i . i • i • i • 1 i i i i i i • i • i i i i i • i i i i 1 o . O 
cm 
g fuel 
1.0 
- 0.5 
750 mm 500 250 0 
DISTANCE FROM AXIAL REFERENCE ZERO 
Fig. 3. Calculated gas generation and measured gas retention 
profile for a pin tested in the RISØ Fission Gas Project 
(from ref. 12). 
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